Influenza A viruses can infect a variety of species, including birds and humans. Ecological studies of these viruses have established that wild aquatic birds are the primary source of influenza A viruses (40) . These viruses appear to be in evolutionary stasis while residing in asymptomatic aquatic birds, but they rapidly evolve once they cross species barriers and thus cause mild to severe disease in the new hosts.
Avian influenza viruses cause disease in domestic poultry and, more importantly, can also cause human pandemics (23, 25) . Among the 15 hemagglutinin (HA) subtypes of influenza virus, two (H5 and H7) have the potential to become highly pathogenic in domestic poultry (41) . An early study suggested that the HA gene of highly pathogenic H5 poultry viruses originated in influenza viruses present in wild birds (19) . The influenza virus HA gene was shown to have a preferential association with the matrix (M) gene (24, 38) . The M gene, an important determinant of species specificity (24, 34) , encodes two partly overlapping proteins: a highly conserved 252-aminoacid M1 protein and a 97-amino-acid M2 protein. The evolution of the M gene may reflect host-specific adaptation, since it is probably not subjected to strong selection pressure by the host immune system. Despite the association of the two genes, the involvement of the M gene in the origin of highly pathogenic influenza viruses has been less studied. In addition, the precise type of aquatic-bird origin of viruses causing outbreaks in poultry has remained unclear, even though it was thought that the gene pool of viruses in shorebirds and gulls was the most closely related to the source of virulent avian strains (36, 38) . Furthermore, recent cases have revealed a strong connection between avian and human influenza outbreaks. The 1997 influenza outbreak in Hong Kong showed that direct transmission of H5N1 influenza viruses from domestic chickens to humans can occur. The outbreak in humans appeared to be stopped by the slaughter of poultry in the Hong Kong markets during the same year (3, 28, 32) . In 2002, H5N1 influenza virus was found, for the first time, to cause severe disease in multiple species of wild waterfowl in two parks in Hong Kong and was subsequently linked to human infections (K. M. SturmRamirez, personal communication). Because measures to contain these viruses are impossible to implement in the wild, understanding the ecology of influenza viruses in wild aquatic birds is crucial if interventions are to be developed to decrease or control the frequent influenza outbreaks in domestic poultry, the annual human epidemics, and, more importantly, the occasional human pandemics, such as the 1957 and 1968 outbreaks in Asia and the 1918 Spanish influenza, which killed Ͼ40 million people worldwide (33) .
Despite the important role of the gene pools of influenza viruses in wild aquatic birds and the potential threat of pandemic strains that could arise from viruses in aquatic birds, our knowledge of the gene pools is limited (31) . Early phylogenetic studies revealed a geographical separation of the avian influenza virus lineage into Eurasian and North American lineages (6, 7, 11, 12) . Avian influenza viruses isolated from gulls in North America, previously reported as preferentially linked to the H13 subtype, had been shown to form a distinct lineage, referred as the "gull-specific lineage," in previous publications (7, 11) . These studies, however, were based on a relatively small number of isolates that may not have been representative of viruses in the wider aquatic-bird reservoir. The present theory that there is overlapping of gene pools of viruses in different species of the class Aves (mainly shorebirds, gulls, and ducks) was accepted on the basis of biological and epidemiological studies of a few isolates but without further genetic proof (14, 27) . Therefore, present knowledge about these gene pools is incomplete, and there is a lack of substantial genetic evidence, especially in regard to the internal genes of influenza viruses, to support the validity of the theory.
Since the first isolation of influenza A virus in healthy feral ducks in 1974 (30) , surveillance has continued in an effort to better understand the ecology of these viruses in birds and their relationship to influenza viruses that appear in other species. We have conducted surveillance of influenza viruses in wild Canadian ducks since 1976 and in shorebirds and gulls of Delaware Bay for the past 18 years and thus have an extensive collection of influenza virus isolates. Therefore, in the present study, we analyzed the M gene partial sequences of 70 viruses of various subtypes from our collection and 61 published M gene sequences of viruses isolated from various host species to gain more detailed knowledge about the genetic features of influenza viruses in their natural hosts, i.e., wild aquatic birds. Our phylogenetic analysis was designed to specifically address six key questions. First, do influenza viruses from wild ducks belong to a sublineage that is separate from the sublineage of shorebird viruses? Second, which type of aquatic bird (shorebirds, gulls, or ducks) is the primary origin of the M genes of poultry viruses, which continue to circulate despite continuous surveillance and frequent eradication of infected poultry populations? Third, if the HA genes of a relatively small number of North American H2 and H6 viruses are more similar to those of Eurasian viruses than to those of H2 or H6 gull, shorebird, and poultry viruses in North America (15, 21, 35) , then are similar interregional transfers of M genes evident in these viruses? Fourth, does the evolution of M genes of viruses from wild aquatic birds resemble the evolution of HA genes of North American H5 viruses, which has resulted in multiple sublineages (5)? Fifth, is there evidence of reassortment of M genes occurring between influenza viruses in nature? Sixth, is there any correlation between the M gene, antigenic subtype, and time at which each virus was isolated?
MATERIALS AND METHODS
Viruses. The 70 influenza viruses from wild ducks, shorebirds, and gulls used in this study were collected as part of surveillance programs in the Delaware Bay and Alberta, Canada, since 1985 and 1976, respectively. These samples were selected from the repository at St. Jude Children's Research Hospital, Memphis, Tenn., on the bases of time of isolation and antigenic subtype. Viruses isolated between 1985 and 1999 from shorebirds and gulls were selected, as were viruses isolated from ducks between 1976 and 1999. All HA subtypes except H8, H14, and H15 and all nine neuraminidase (NA) subtypes were represented (Table 1) .
(i) Viruses isolated from shorebirds and gulls. Viruses were collected from shorebirds and gulls in New Jersey on the Delaware Bay from mid-May to early June every year since 1985. This period coincides with the stopover of shorebirds to feed on the abundant horseshoe crab eggs in Delaware Bay during their migration from the southern tip of South America to their breeding grounds in the Canadian arctic. Some of the viruses collected from 1985 through 1989 were obtained from the cloacae of shorebirds caught in the mist nets, but most viruses were obtained from fecal samples. Since 1990, viruses have been collected from fecal samples; each sample consisted of three fecal deposits placed in a single vial. Since the birds tend to group together in the sample collection area, the strain host designation is made with some degree of confidence. Most viruses isolated from gulls were obtained from fresh feces deposited on beaches and agricultural land where only one gull species was present. The shorebirds and gulls from which virus samples were collected belong to the order Charadriiformes and represent two families: (i) Scolopacidae-ruddy turnstone (Arenaria interpres), red knot (Calidris canutus), sanderling (Calidris alba), and semipalmated sandpiper (Calidris pusilla); and (ii) Laridae-laughing gull (Larus atricilla) and herring gull (Larus argentatus).
(ii) Viruses isolated from wild ducks. Virus samples were collected annually from wild ducks in Alberta, Canada, from late July through early September since 1976 (27) . This period coincides with the completion of the breeding season, when many adult ducks have molted and the birds are staging before they migrate south to their winter habitat. In this study, we analyzed viruses from cloacal samples of wild ducks that are species of mallard (Anas platyrhynchos), pintail (Anas acuta), and blue-winged teal (Anas discors). Each species belongs to the family Anatidae and the order Anseriformes.
(iii) Sample collection. At the collection site, each virus sample was placed in transport medium containing 50% glycerol in phosphate-buffered saline, pH 7.2, containing antibiotics (penicillin G, 1,000 U/ml; streptomycin sulfate, 0.2 mg/ml; gentamicin sulfate, 0.24 mg/ml; polymyxin B, 100 U/ml; and mycostatin, 50 U/ ml). The vials containing samples isolated from wild ducks were placed immediately into liquid nitrogen, while those containing fecal and cloacal samples collected from shorebirds and gulls were stored on ice. The samples were shipped by air, approved for importation by license from the U.S. Department of Agriculture, transported to St. Jude Children's Research Hospital, and stored at Ϫ70°C.
(iv) Virus isolation. The samples were thawed, and 0.3 ml of fluid was mixed with an equal volume of phosphate-buffered saline containing antibiotics (penicillin G, 4,000 U/ml; streptomycin sulfate, 800 U/ml; polymyxin B, 400 U/ml; gentamicin sulfate, 0.1 mg/ml). The inoculum for each sample was propagated in 11-day-old embryonated chicken eggs as previously described (9) . The presence of agglutinating virus in the allantoic fluid of each egg was tested by hemagglutination assay. Bacterial contamination was checked by streaking blood agar plates, followed by incubation for 48 h at 37°C. To remove bacterial contamination, the allantoic fluid was passed through a 0.2-M-pore-size syringe filter.
(v) Subtype determination. Samples that were positive for HA were tested in HA inhibition and NA inhibition assays to determine the HA type (18) and the NA type (1), respectively. The antigenic characteristics of all hemagglutinating agents were identified using monospecific antisera prepared against the surface antigens of reference influenza A viruses (39) or chicken or rabbit antisera against the whole virus antigen.
If the HA or NA inhibition assay could not determine the subtype, the sample was identified as influenza A virus by negative staining and scanning by electron microscope, by reverse transcription-PCR of the M gene (29) , or by both methods. Once the isolate was identified as influenza A, the HA and NA types were determined by reverse transcription-PCR (10) and sequence analysis. Nucleotide sequences were edited and compiled using Lasergene sequence analysis software (DNASTAR, Madison, Wis.), and their homologies were determined against archived sequence data in GenBank.
(vi) M gene sequences obtained from GenBank. M gene sequences of 61 additional influenza A viruses were obtained from GenBank. These sequences were from 23 poultry viruses, 12 nonpoultry avian viruses, 5 equine viruses, and 13 human influenza A viruses.
RNA extraction and PCR. Viral RNA was extracted from 200 l of infective allantoic fluid by using the RNeasy kit (Qiagen, Valencia, Calif.) according to the manufacturer's instructions. The RNA was then converted to full-length cDNA by using reverse transcriptase. PCR with M gene-specific primers (sequences are available upon request) was performed to amplify the cDNA. The PCR products were purified by using the QIAquick PCR purification kit (Qiagen) according to the manufacturer's protocols.
Sequencing and sequence analysis of M genes. Purified PCR products containing M genes were sequenced by the Hartwell Center for Bioinformatics and Biotechnology at St. Jude by using synthetic oligonucleotides and rhodamine or dRhodamine dye terminator Cycle-Sequencing Ready-Reaction kits with AmpliTaq DNA polymerase FS (Perkin-Elmer Applied Biosystems, Inc., Foster City, Calif.). Samples were separated by electrophoresis and analyzed on PerkinElmer Applied Biosystems Inc. model 373 or model 377 DNA sequencers. Nucleic acids in positions 129 through 903 were sequenced. The DNA sequences were compiled and edited by using the Lasergene sequence analysis software package. Initial multiple sequence alignments were made with the Megalign program (DNASTAR), which used the CLUSTAL X algorithm. Phylogenetic trees were constructed by the neighbor-joining method using nucleotide sequences within the Neighbor program of PHYLIP (Phylogeny Inference Package) version 3.57c, and TreeView programs were used to view the distance tree.
Errors associated with the generation of phylogenetic trees were evaluated by bootstrap analyses with 100 bootstrapping replicas.
We used SNAP (Synonymous/Nonsynonymous Analysis Program [http://www .hiv.lanl.gov/content/hiv-db/SNAP/WEBSNAP/SNAP.html]), which implemented the method of Nei and Gojobori (16) , to calculate synonymous and nonsynonymous substitution (ds/dn) ratios for M1 and M2. Statistical analysis of the ds/dn ratio value was performed using the t test (two tailed; alpha Ͻ 0.01).
Nucleotide sequence accession numbers. The nucleotide sequences presented in this article have been submitted to GenBank under accession numbers AY664420 through AY664489.
RESULTS
M gene phylogenetic tree. Each of the 131 M gene sequences comprised 775 nucleotides (nucleic acid positions 129 through 903). No insertions or deletions were observed. The nucleotide sequence homology ranged from 82.7 to 100%. The results of our phylogenetic analysis of these sequences are presented as a phylogenetic tree rooted to A/Equine/Prague/1/56 (Fig. 1) .
The phylogenetic tree confirmed that the evolution of M genes has resulted in the development of major influenza A virus lineages, each of which could be associated with a particular host ( Fig. 1 ): human-and classical swine-like viruses, gull-like viruses, nongull avian-like viruses, and equine-like viruses.
North American and Eurasian avian M lineages: multiple sublineages and intermixing. Excluding the presence of a number of shorebird viruses isolated between 1997 and 1999 that formed a distinct group (bootstrap value, 98) ( Fig. 1C) , there was no clear separation of isolates into host lineages.
Within the lineages of North American and Eurasian avianlike viruses, divisions into sublineages seem to be apparent. The Eurasian avian-like lineage comprised a major sublineage I (bootstrap value, 99) and a minor sublineage II, less well supported by a bootstrap value of 19 (45) (the numbers in parentheses represent bootstrap values based on phylogenetic trees generated without outlier sequences) (Fig. 1B) and Asia and a relatively small number of swine isolates; interestingly, a group of strains consistently isolated from gulls and shorebirds in North America between 1986 and 1998 belong to this group (Fig. 1B) . Sublineage III included the prototypical turkey strain isolated in 1966 in California, more recent isolates (H7N2) from chickens and turkeys in Pennsylvania, and viruses that represented subtypes H2 through H7 and H9 through H12 that were isolated from shorebirds, ducks, and poultry between 1966 and 1999. Sublineage IV included the prototypical strain A/Chicken/Pennsylvania/1370/83 (H5N2), a strain isolated during the 1994 outbreaks in chickens in Mexico, H6N2 isolates obtained in 2000 and 2001 from chickens in California, and viruses that represented subtypes H1 through H7 and H9 through H12 that were isolated from shorebirds, ducks, and poultry between 1977 and 2001. Six viruses isolated from North American shorebirds carried HA genes that are of Eurasian lineage (15, 21) . Among these viruses, we identified two strains bearing HA and M genes of the Eurasian avian-like lineage and four strains with HA genes of the Eurasian avian-like lineage and M genes of the North American avian-like lineage ( Table 2) .
The M gene of gull viruses. Influenza viruses of the H13 subtypes isolated from North American gulls had previously been shown to form a distinct lineage (11) . In this study, one (Fig. 1B, sublineage II) . In addition, A/Laughing Gull/Delaware/2838/87 (H7N2) and A/Herring Gull/New Jersey/780/86 (H1N3) were grouped into the gull-like lineage (Fig. 1B) . Two viruses, A/Laughing Gull/ New Jersey/75/85 (H2N9) and A/Herring Gull/Delaware/98 (H5N8), which were isolated 13 years apart, were not part of the gull-like lineage but belonged to the North American avian-like lineage (Fig. 1C) . The only H13 virus isolated from a North American shorebird, A/Shorebird/Delaware/224/97 (H13N6), has an M gene that is similar to that of gull viruses but has diverged from those of other shorebird isolates. These data showed that gulls' M genes do not link solely to the H13 HA subtype or cluster exclusively in a single discrete lineage.
M gene of poultry viruses. To identify the exact origin of viruses that infect North American poultry, we included the M gene sequences of viruses isolated from North American commercial poultry in our analysis. Most viruses isolated from ducks, shorebirds, gulls, and poultry shared a common M gene lineage (Fig. 1C) .
On were derived from shorebird-like viruses of the same subtype (Fig. 1C) . Accordingly, the M genes of these two chicken viruses were highly similar to that of A/Ruddy Turnstone/ Delaware/106/98 (H6N2) (range, 98.1 to 98.3%), whereas the M gene of the most similar duck strain, A/Mallard/Alberta/ 71/98 (H10N7), was only 96.8 to 97% similar to the genes of the two chicken viruses. However, because of the high degree of similarity, ranging from 82.7 to 100%, the degree of homology did not always exactly correlate with the phylogenetic relationships. Other poultry isolates, including A/Chicken/Pennsylvania/1370/83 (H5N2), A/Chicken/Pennsylvania/13609/93 (H5N2), and A/Turkey/Oregon/71 (H7N3), did not have high sequence similarities with the shorebird, gull, and duck strains sequenced (Fig. 1C) . Analysis of the M1 and M2 protein sequences. To further investigate the evolutionary stasis of the M genes of viruses from wild aquatic birds, we translated the M1 and M2 open reading frames and analyzed the protein sequences (Table 3) . Because the entire amino acid sequences of the M proteins were not available for all viruses, we analyzed the region between amino acid positions 43 and 252 of M1 and 10 and 88 of M2. The phylogenetic trees and the predicted amino acid sequences of M1 and M2 proteins are available online at http: //www.stjuderesearch.org/data/flu2/index.html.
The topology and distribution of viruses in the phylogram based on the nucleotide sequences of the M genes differed greatly from those in the phylograms based on the amino acid sequences of the M proteins. In fact, the trees based on the M1 and M2 amino acid sequences had fewer distinct lineages than did the nucleotide-based tree, and clear lineage demarcation was not evident (http://www.stjuderesearch.org/data/flu2/index.html).
To perform a direct comparison with the previous data on the evolution of the influenza A virus M gene, the M1 and M2 amino acid sequences of all isolates were compared with that of A/Turkey/Minnesota/80 as a baseline sequence, as in the report by Ito et al. (11) . Comparison of the predicted amino acid sequences with that of A/Turkey/Minnesota/833/80 (H4N2) (http://www.stjuderesearch.org/data/flu2/index) showed that M1 proteins of 4 of 29 duck viruses and of 8 of 38 shorebird isolates possessed substitutions of 1 to 3 residues over a span of 210 residues; in contrast, 11 of 14 strains isolated from poultry had M1 sequences with substitutions of 1 to 4 residues over a similar-size region. Comparison of the predicted amino acid sequences showed changes in 77 (36.7%) of 210 amino acids of the M1 proteins and in 51 (65.4%) of 78 amino acids of the M2 proteins. Although the changes in the M1 proteins were uniformly distributed, most of the changes in the M2 proteins were within residues 10 to 28, 54 to 57, and 77 to 88; these changes are consistent with those described in a previous report (11) .
The predicted amino acid sequences indicated that viruses isolated from poultry underwent more amino acid mutations than did viruses isolated from shorebirds, gulls, and ducks (http://www.stjuderesearch.org/data/flu2/index). Upon adaptation in domestic poultry species, the changes in the predicted M1 and M2 amino acid sequences of poultry viruses did not occur in discrete locations; rather, they were uniformly distributed compared to the sequences of viruses isolated from shorebirds, gulls, and ducks (http://www.stjuderesearch.org/data/flu2 /index.html).
To illustrate the relative influence of selection pressure in the evolution of M1 and M2 proteins, the ratio of synonymous to nonsynonymous substitutions was calculated (Table 3) . Nucleotide substitutions that result in an amino acid change are nonsynonymous; those that do not result in an amino acid change are synonymous. The relative proportion of synonymous to nonsynonymous substitutions (the ds/dn ratio) was higher for M1 than for M2 in viruses from all host species. The ds/dn value for M1 of poultry viruses was significantly lower than for those of shorebird, gull, and duck viruses and significantly higher than for those of human viruses, but not significantly different than for those of swine and equine viruses. The ds/dn value for M2 of poultry viruses was significantly lower than for those of shorebird, duck, and human viruses but not significantly different than for those of gull, equine, and swine viruses.
DISCUSSION
Despite the importance of the ecology of influenza virus to animal and human health, only a few genes from the natural reservoir of these viruses have been sequenced; hence, there has not been a sufficient database for comparisons and further interpretations. In the present study, we sought to provide a better representation of existing influenza A viruses in their wild-aquatic-bird reservoir by analyzing a large number of viruses that were of various subtypes and isolated from wild birds at various times over several years.
Several important points can be deduced from this study. First, influenza viruses from wild ducks share common sublineages with shorebird viruses. Second, the primary origin of the The overall segregation of the influenza A viruses in clusters reflected a divergent cumulative evolution of M genes with respect to the host and, for the avian strains, the geographical distribution (North America and Eurasia), although this conclusion may not hold up when a more extensive data set is obtained. Within the lineage of avian virus M genes, the existence of sublineages of viruses seems to be apparent. A similar feature was found in the analysis of the HA and nonstructural (NS) genes of H5 avian influenza A viruses in North America (5). We did not find any clear correlation between each sublineage and other analyzed variables, such as the HA subtype or date of isolation.
Sublineage II of the Eurasian avian-like M gene lineage contained both Eurasian and North American avian viruses, providing evidence of the transmission of the influenza virus M gene from Eurasian to North American avian-like viruses. Conversely, none of the Eurasian viruses belonged in the North American avian-like M gene lineage. This finding suggests that North American wild birds, mainly shorebirds and gulls, can support replication of viruses bearing at least the M gene of the Eurasian avian-like lineage. Thus, our study confirms the results of previous phylogenetic analyses of the HA genes of H2 and H6 influenza viruses (15, 21, 35) . Although the details of these gene transfers between strains are not yet clear, the existence of such transfers has important implications. The Eurasian swine and avian influenza viruses are most closely related to human viruses and are potential sources of genes for future pandemic influenza strains (24) . These facts are compelling reasons for the further study and surveillance of avian strains circulating in Eurasia and North America.
We described a previously unknown element of diversity in the M gene of viruses obtained from gulls. Previous phylogenetic studies of NP (nucleoprotein) and M genes had shown that the M genes of the viruses isolated from gulls preferentially associated with the H13 subtype and grouped together as a distinct gull lineage (7, 11) . In contrast, we report that two samples collected from gulls belong to subtypes other than H13, that two gull isolates each belong to the Eurasian and North American avian-like lineages, and that a virus of the H13 subtype (A/Shorebird/DE/224/97 [H13N6]) was obtained from a shorebird rather than a gull. Our results showed that gulls' M genes do not preferentially associate with the H13 subtype and are compatible with HA genes that are not of the H13 subtype. The present analyses also demonstrated that gulls' M genes do not form a single lineage. A similar finding was revealed by the analysis of NS genes of H13 viruses that carried the NS gene of the North American avian-like lineage (12) . Previous reports (7) demonstrated that for the NP gene, an important determinant of species specificity (22) , such mixing between lineages does not occur, although this conclusion may not hold up as more extensive data are obtained. Like NS genes, the M genes may not play as much of a role as the NP gene in host range restriction. Nonetheless, because of the nature of the sampling method and the still relatively small number of samples, further investigation is recommended.
The M gene lineages of viruses isolated from poultry and those isolated from shorebirds, gulls, and ducks suggest that the M genes of these virus groups share a common origin and do not form host-specific lineages until the terminal branch of the tree. This finding is consistent with the proposals that wild aquatic birds, both ducks and shorebirds, serve as the host of the precursor(s) of past and future influenza A viruses that are transmitted to domestic poultry.
To identify all the potential reservoirs of influenza viruses infecting poultry, it is important to study the relationships among all genes of viruses from all available hosts, including wild aquatic birds. Since evolution occurs rapidly in poultry species compared to wild aquatic birds and due to the high degree of similarity among the M genes of viruses isolated from shorebirds, gulls, and ducks, the phylogenetic analysis of viruses from wild aquatic birds was unable to determine which species was the donor reservoir for the poultry viruses. Therefore, we concluded that the M genes of viruses from either shorebirds, gulls, or ducks could potentially be the precursor of the M gene of virus causing outbreaks in poultry. Alternatively, the possible M gene precursors of the pathogenic poultry viruses may not yet have been identified. Although the structural features in the HA glycoprotein are a primary determinant of pathogenicity (26, 37) , the highly pathogenic phenotypes of particular avian influenza viruses have been linked to multiple genes (13, 20) . Therefore, further studies of the relationships among all eight genes of poultry viruses would best pinpoint the primary origin of these viruses.
Genetic reassortment of influenza A viruses has been demonstrated in vivo, in vitro, and in nature. Indeed, reassortment of gene segments between influenza A viruses of different human subtypes in nature (8, 42) has been reported, as has gene reassortment between swine subtypes of influenza A viruses (17). Reassortant viruses characterized by different mixtures of human and avian genes have been isolated from humans and swine (2) . So far, several reports of reassortment in nature between subtypes in avian species have been described (4, 34) . Likewise, reassortment of gene segments between duck viruses has been suggested to occur in nature (5). In the present study, we found that shorebirds were a site of reassortment of gene segments between viruses having Eurasian or North American avian-like HA genes, M genes, or both. The fact that these reassortant viruses are of only the H2 subtype may reflect the limited number of isolates analyzed rather than a true association between a certain subtype and the occurrence of reassortment, such as the reassortment of H6 viruses in chickens. The rationale for an exclusive, geographically based classification of different virus strains appears to be less strong than in the past. Why and how this intermixing between lineages occurs in nature is still uncertain.
The ratio of synonymous to nonsynonymous substitutions in a protein-coding gene reflects the relative influences of selection pressure and evolution. Our observation suggests that the M2 protein evolves under much stronger positive selection than the M1 protein. This is true for all host species tested. Our VOL. 78, 2004 M GENES OF INFLUENZA A VIRUS FROM WILD AQUATIC BIRDS 8777 data suggest that viruses in poultry species are under selection pressure more similar to those seen in mammalian species than to those seen in avian species. Since only partial sequences were used in this analysis, further studies are recommended to eliminate any biased illustration of the overall evolutionary tendency of these proteins with respect to different hosts and other viral proteins. The collapse of lineage divergence among avian virus proteins confirms that the cumulative genetic differences are noncoding changes and provides further evidence of a remarkable degree of genotypic stability among gene pools of geographically separated viruses. The fact that poultry viruses undergo more amino acid changes than do viruses in their natural reservoir (wild aquatic birds) supports the theory of the evolutionary stasis of influenza viruses in their natural reservoir and the rapid accumulation of mutations once they infect other species. The greater divergence of the M2 protein sequences confirms the independent evolution of the M1 and M2 proteins (11) .
Although the functional interaction between the HA and M genes of influenza viruses has not been resolved, previous reports have shown a preferential association between the two types of genes (25, 39) . Our findings do not confirm this observation. Although some groups of specific HA subtypes are located further away from the root of the M nucleotide phylogenetic tree than are others, in most cases, the M genes of strains representative of most HA subtypes are clustered together. For example, multiple viruses of subtypes H2 through H7 and H9 through H12 isolated from shorebirds, gulls, ducks, and poultry are clustered together within sublineage III (Fig.  1C) . Since the proteins encoded by the M gene were relatively conserved, the M1-M2 phylogenetic tree was also used to address this query. Likewise, we found that there is no specific group of virus with certain HA subtypes that were grouped together. These data suggest that there is no specific correlation between the HA and M genes of the viruses analyzed.
Overall, this study enhances the present understanding of the M gene pool and further supports the hypothesis that influenza A viruses in aquatic wild birds contain multiple distinguishable M genes yet maintain remarkable homology. The phylogeny of each virus gene represents only a partial history of virus evolution. Therefore, consideration of the phylogenies of all eight genes may reveal a more complete picture of the evolution of viruses in their natural reservoir, i.e., wild aquatic birds. An important implication of phylogenetic studies is that the ancestral viruses that caused outbreaks in humans, including those that provided gene segments for viruses that caused the 1918, 1957, and 1968 pandemics, continue to circulate in wild birds with few, if any, mutations. Therefore, intensive surveillance of influenza viruses in aquatic birds can provide information about future outbreaks in domestic species and humans.
